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ABSTRACT 

We present very long baseline interferometry polarization images of an X-ray 
' selected sample of BL Lacertae objects belonging to the first High Energy As- 

oo ; 

V/-) , tronomy Observatory {HEAO-1) and the ROSAT-Green Bank (RGB) sur- 

veys. These are primarily high-energy-peaked BL Lacs (HBLs) and exhibit 
core-jet radio morphologies on pc-scales. They show moderately polarized 
' jet components, similar to those of low-energy-peaked BL Lacs (LBLs). The 

fractional polarization in the unresolved cores of the HBLs is, on average, 
lower than in the LBLs, while the fractional polarizations in the pc-scale 
5_j ■ jets of HBLs and LBLs are comparable. However a difference is observed in 



the orientation of the inferred jet magnetic fields - while LBL jets are well- 
known to preferentially exhibit transverse magnetic fields, the HBL jets tend 
to display longitudinal magnetic fields. Although a 'spine-sheath' jet veloc- 
ity structure, along with larger viewing angles for HBLs could produce the 
observed magnetic field configuration, differences in other properties of LBLs 
and HBLs, such as their total radio power, cannot be fully reconciled with the 
different-angle scenario alone. Instead it appears that LBLs and HBLs differ 
intrinsically, perhaps in the spin rates of their central black holes. 
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1 INTRODUCTION 



BL Lacertae objects are radio-loud active galatic nuclei (AGNs) characterized by a pre- 
dominantly non-thermal, highly polarized continuum, that is variable in total intensity 
and p olarization at all observ e d waveleng t hs, a nd exhibits weak or no optical emission 



lines ( jStrittmatter et al. 



1972 



Stein et al. 



19761 ). These extreme phenomena are under- 



stood to be a consequenc e of relativistic beaming in their nuclei (IBlandford fe Rees 



1978 



Bla ndford &: Konigllll979l ). This picture has lead to Unification schemes flUrrv fc Padovani 



1995) wherein the low-luminosity Fanaroff-Riley type-I radio galaxies (FRI. 



Fanaroff fc Riley 



19741 ) are believed to be the parent population of BL Lac objects, based on similarities in 



orientation-independent properties s uch as extend e d radio emission, em i ssion-line luminosity, 



host-galaxy type and environ ment (IBrowne 



198 



1988 



Urry fc Padovani 



3; 



Wardle et al 



1984a : 



Prestage fc Peacock 



19951 ). 



Most BL Lacs discovered before the late 198 0's were identified based on radio data (e.g., 



Ledden fc Odell 



1985 : 



Burbidge fc Hewittlll987l ). Howeve r, space-based X-ray 



highly efficient in discovering new BL Lac objects (e.g., 



Giommi et al. 



1989 



surveys were 



Stocke et al. 



19891 ) . The observed spectral energy distributions (SEDs) of the X-ray-selected and radio- 



selected BL Lacs are systematically different. The majority of X-ray-selected BL Lacs show 
a synchrotron emission peak in the UV/soft X-ray regime making them 'high-energy peaked 
BL Lacs' or HBLs, while most radio-selected BL Lacs show synchrotron emission peaks in the 



near- I R /optical making them 'lo w-energy peaked BL Lacs' or LBLs ( 1 Giommi fc Padovani 



1994 



Padovani fc Giommi 



been defined as log (f x / f r ) ~ —5.5 (IPerlman 



199 



4; 



division between LBLs and HB 


_jS has 


Perlman et al. 


1996: 


Wurtz et al. 


1996) 



where f x and f r are the IkeV X-ray and 5 GHz radio flux density, respectively. HBLs are 
defined as BL Lacs that have log (f x / f r ) > —5.5. 



L BLs are typically more core-dominated on kpc-scales (IPerlman fc Stockdll993l : lKollgaard et al. 



1996 



Rector et al 



2000 



Girolctti et al 



tions and greater yariab ility (ISchwartz et al 



2004 ), they display higher ave rage optical polariza- 



1989 



Jannuzi et al. 



tion (IMorris et al 



1992 



19941 ). low er starlight frac- 



199 11), and have m ore powerful radio lobes than HBLs (iKollgaard et al 



Laurent-Muehleisen et al. 



19931 ) . Based on nuclear trends, it appears that the LBLs 



are more "extreme" than HBLs, which in turn has lead to the suggestion that LBLs are 



oriented at smaller angles to the lin e of sight than HBLs ( 



is supported by population studies (jPadovani fc Urry 



1990 



;ocke et al. 



Urry et al 



1985). This scenario 



1991al ) and has been 
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explained in the framework of an accelerating-jet model, wherein the X-ray photons are emit- 
ted in the slower part of the jet and are ther efore less beamed than the radio photons, whic h 



are emitted in the faster portion of the jet (iGhisellini &: Maraschi 



1989 



Urrv et al.lll991bh . 



However, the inadequacy of the orientation scenario to explain the systematic differences 
in the SED peaks of the HBLs and LBLs has given rise to the alternative scenario wherein 
the X-ray emitting region s of HBLs have higher electron Lorentz factors and/or mag netic 



field strengths than LBLs (jSambruna et al. 



19961 ) . iGeorganopoulos h Marscherl (119981 ) have 



invoked a model that couples jet orientation and electron kinetic luminosity to unify the 
BL Lac subclasses. 

The apparent "blazar sequence" of increasing synchrotron peak frequency with decreas- 



RQs 



LBLs and HBLs (see 



Sambruna et al. 


1996; 


Fossati et al. 


1998: 


Maraschi & Tavecchio 



200 11) has been cha 



Perlman et al 



1998 



l enged by the discover y of high-energy peaked FS RQs (ISambruna 



Padovani et al 



20021 ) and high luminosity HBLs ( jGiommi et al 



1997 



20051 ) . 



In addition, the gap between LBLs and HBLs has now been filled with the discovery of 
intermediate-peak BL Lacs (IBLs) which have SED peaks in the optical/UV wavebands and 



exhibit intermediate properties between LBLs and HBLs ( Nass et al. 



Perlman et al. 



1998 



Laurent-Muehleisen et al. 



199 



9 ; 



Stevens fc Gear 



996 



Kock et al. 



1996 



19991 ) . Thus the ques- 



tion of HBLs and LBLs being two distinct AGN classes, as opposed to being the extreme 
ends of a continuous distribution of BL Lac properties, is an open one. 

Owing to their relatively greater radio flux dens i ties, LBLs have been the subject of exten- 



sive V LBI observations (e.g., 



Gabuzda et al. 



2000 



Kellermann et al. 



2004 



Lister fc Homan 



20051 ). These studies have found them to be typically compact, with a core and a rela- 



tively small number of fairly discrete jet components. Measured superluminal speeds ar e 



typically modest, in the range of 2-4c (IGabuzda et al 



1994 



2000; 



Kellermann et al 



200J). 



VLBI polarization observations have shown a number of systemati c differences between 



LBLs and FSRQ 


3, initially detected in 


Cawthorne et al. 


1993 




Gabuzda et al. 



frequency 15 GHz images ( 



200 



Lister fc Homan 



1992 : 



but generally being retained in the higher- 



20051 ) — LBLs have appreciably polarized cores 



(core fractional polarization, m c ~ 2 — 5%) with predominantly transverse magnetic (B) 
fields in their jets, while quasars have weakly polarized cores (m c < 2%) and predominantly 
longitudinal B fields in their pc-scale jets. 

HBL polarization properties have, on the other hand, not been explored as much with 
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VLBI experiments due to their relatively lower radio flux densities. 5 GHz total intensity 
VL BI images of a samp le of HBLs belonging to the Einstein "Slew" Survey were presented 



by 



Rector et al 



(]2003al ). They found that HBLs displayed core-jet morphologies similar to 



the LBLs. However there was a weak evidence that the HBL jets exhi bited smaller misalign 



Giroletti et al 



20041 ). 



ments between parsec and kiloparsec scales than LBL jets (see also 
This was interpreted as being either due to intrinsically straighter jets in HBLs or their jets 
being oriented further from the line of sight than LBLs jets. Note however that 8.4 GHz 
VLA observations of a sample of EMSS and HEAO-1 BL Lacs failed to show a systematic 
trend of smaller misalignments in HBL jets (E. Perlman, private communication). 

In this paper, we present VLBI polarization observations of a sample of 18 BL Lacs 
belonging to the HEAO-1 hard X-ray and the RO SAT-Green Bank (RGB) surveys. Thirteen 
of these BL lacs have been classified as HBL s. Early VLBI polariz ation results for four 



Kollgaard et al 



(119961 ). § 2 and 3 describe 



of these HEAO-1 BL Lacs were presented by 
the BL Lac sample and the observations. We present our results in § 4-6. A discussion 
follows in § 7, and the conclusions in § 8. We assume throughout a cosmology where H = 
71 km s" 1 Mpc" 1 , Q M = 0.24, and fi A = 0.76. 



2 THE SAMPLE 



The HEAO-1 Large Area Sky Survey 



sources over the entire sky flWood et al. 



(LASS ) detected 842 hard X-ray (0.8 - 20 keV) 



1984 ). To date, 29 B 



identified in the LASS catalog (ILaurent-Muehleisen et al 



now known to be a Seyfert 1 galaxy (IVeron-Cetty fc Veron 



Lacertae objects have been 



1993), one of which (2201+044) is 



19931 ). Note that 2201+044 is part 



of our sample. The RGB sample of BL Lacs was generated from a cross-correlation of the 
ROSAT All-Sky Survey (RASS) and a reanalysis of t he 1987 Green Bank 6-cm radio survey 



([Gregory et al. 



1996 



Laurent- Muehleisen et al. 



Lac sa mple have been presented by 



1997 ). VLA obs e rvatio ns of the HEAO-1 BL 



Laurent- Muehleisen et al. 



(119931) and 



Kollgaard et al 



19961 ) . Here we present VLBI polarization results for nine HEAO-1 BL Lacs, along with 
eight BL Lacs belonging to the RGB sample. In all, there are 13 HBLs, 4 LBLs and 1 
Seyfert-1 galaxy. Of the 4 LBLs, 1147+245 also belongs to the 1-Jy sample. 

The BL Lac sample is presented in Tabled], which has the following columns: Cols. (1) 
& (2) IAU and other names, (3) BL Lac classification based on the SED peak frequency 
and/or the log (f x / f r ) criterion (see cf. § 1), (4) sample membership, with H denoting 
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sources belonging to the HEAO-1 sample, R to the RGB sample, and J to the 1-Jy sample, 
(5) membership of other "heritage" X-ray samples: RX = ROSAT All-sky Survey, IE, 2E 
& ES = Einstein, second Image Proportional Counter (IPC) Einstein X-ray Survey, and 
Einstein "Slew" Survey, respectively, (6) redshift, (7) projected linear scale corresponding 
to an angular scale of 1 mas, (8) — (10) the epochs for which results are presented here, and 
(11) & (12) the references for the redshifts and BL Lac classification, respectively. 

3 OBSERVATIONS AND DATA REDUCTION 

The polarization observations were made at 5 GHz with (i) a global VLBI array on February 
23, 1993 (1993.15) and (ii) on July 13, 1995 (1995.53) and June 28, 1998 (1998.49) with the 
10-element Very Large Baseline Array (VLBA)0. In all cases, each source was observed for a 
total of roughly 1.3 to 2.8 hours, in 12-26 scans distributed throughout the time the source 
was observable with all or nearly all of the antennas in the VLB arrays. Two intermediate 
frequencies (IF, or equivalently, baseband converters) were recorded in each polarization, 
with 8 MHz per IF, and a total aggregate bit rate of 128 Mbits/s. The data were correlated 
by the VLBA correlator in Soccoro. The preliminary calibration, fringe fitting, polarization 
calibration and imaging were done using the Astronomical Image Processing System (AIPS) 
following standard methods. 

3.1 Global VLBI 

The global VLBI array used for the February 23, 1993 observations included the Effelsberg 
(EB), Green Bank (GB), and Medicina (MC) telescopes, the phased Very Large Array (Y27), 
and the Hancock (HN), North Liberty (NL), Brewster (BR) and Owens Valley (OV) VLBA 
antennas. Effelsberg was used as the reference antenna at all stages of the calibration. The 
unpolarized source OQ 208 was used as the instrumental polarization (D-term) calibrator 
in the AIPS task LPCAL. The absolute electric-vector polarization angle (EVPA or x) 
calibration was performed by comparing the total VLBI-scale and (simultaneously measured) 
VLA core polarizations for the compact polarized source OJ 287. 

1 The VLBA is operated by the National Radio Astronomy Observatory, which is a facility of the National Science Foundation 
operated under cooperative agreement by Associated Universities, Inc. 



6 P. Kharb, D. Gabuzda and P. Shastri 
3.2 VLBA 

The July 13, 1995 and June 28, 1998 observations were obtained using the ten telescopes 
of the American VLBA. Los Alamos was used as the reference antenna at all stages of 
the calibration. The unpolarized source 3C84 and the nearly unresolved polarized source 
0749+540 were used for the D-term calibration for the July 1995 and June 1998 observations, 
respectively. Short 2-3-minute VLA snapshots of 10 HEAO-1 HBLs, including five of the four 
HBLs for which 1995.53 images are presented here, were made at 4.9, 8.4, and 15.0 GHz 
on July 18, 1995, only a few days after the July 1995 VLBA observations. We used the 
results of these 4.9 GHz observations for OJ287 for the EVPA calibration of the VLBA 
data, assuming that the polarization position angle of OJ287 did not vary between the VLA 
and VLBI observations. 

Unfortunately, we did not have integrated polarization measurements of any compact 
polarized sources observed during our June 1998 VLBA run nearby in time to those VLBA 
observations. Instead, we applied the EVPA calibration determined for VLBA observations 
in March and April 1998, based on integrated polarization measurements within a few days 
of those experiments and using the same reference antenna (Los Alamos). The EVPA cali- 
bration corresponds to the phase difference between the right-circularly polarized and left- 
circularly polarized signals at the reference antenna, and has been shown to be constant to 
within a few degrees over as long as sev eral years, if no adjus tments are made to the receiver 



affecting this instrumenta 
few months after those of 



Chariot et al. 



( 20o3i: moreover, the EVPA calibration for 5 GHz 



parameter ([Reynolds et al.ll200l[ ). Our observations were only a 



VLBI observations obtained in June 2000, based on simultaneous VLA polarization mea- 
surements and also reduced using Los Alamos as the reference antenna, indicates that this 
calibration had remained the same to within a few degrees (Gabuzda, O'Sullivan & Gurvits, 
private communication), thus justifying the application of the 5 GHz EVPA calibration for 
the March-April 1998 VLBA observations to our 5 GHz data. 



4 RESULTS 

The VLBI polarization (VLBP) observations of the 17 sample BL Lacs (and 1 Sy-1 galaxy) 
reveal core-jet morphologies in all but two sources, viz., 0706+592 and 0749+540. Polariza- 
tion is detected in the cores and/or jets of all but three sources, viz., 0414+009, 0706+592 
and 1235+632. Total intensity images with polarization electric vectors superimposed are 
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Table 1. Properties of the sample BL Lacs. 



IAU 


Other 


Class 


Sample 


X-ray 


2 


Scale 


Epochs 




z 


Class 


name 


name 






Sample 




(pc/mas) 


1993.15 1995.53 


1998.49 


Ref 


Ref 


041 4-1-009 




HBL 


H 


RX 2E 


0.287 


4.285 


X X 




i 


15 




4P 49 99 


HBL 


ft 


RX 


o n^QO 

u.ujyu 


1.127 




x 


2 


16 






HBL 


j-[ 


RX 


0.1250 


2.215 


X X 




2 


16 


07494-540 


4C 54.15 


LBL 


ft 


RX 


>0.20 


3.268 




x 


3 


16 




OJ049 


LBL 


ft 


RX 


0.1736 


2.918 


X X 


x 


4 


16 


0925+504 




LBL* 


R 


RX 


0.3703 


5.090 




X 


5 


17 


1011+496 




HBL 


H 


ES 


0.212 


3.268 




X 


6 


16 


1101+384 


Mrk 421 


HBL 


H 


RX,ES 


0.0300 


0.593 


X 


X 


7 


15 


1133+704 


Mrk 180 


HBL 


H 


RX,ES 


0.0452 


0.877 




X 


8 


15 


1147+245 




LBL 


.1 




>0.20 


3.268 


X 




9 


16 


1215+303 


ON 325 


HBL 


H 


ES 


0.1300 


2.291 


X 


X 


10 


15 


1227+255 




HBL* 


R 


RX 


0.1350 


2.366 




X 


11 


17 


1235+632 




HBL* 


H 


RX,1E 


0.2969 


4.389 


X 




10 


18 


1553+113 




HBL* 


R 


RX,ES 


0.3600 


4.998 




X 


12 


15 


1727+502 


I Zw 187 


HBL 


H 


RX,ES 


0.0554 


1.062 


X 


X 


13 


16 


1741+196 




HBL 


R 


RX,ES 


0.0840 


1.559 




X 


11 


15 


1743+398 




HBL 


R 


RX 


0.2670 


4.068 




X 


2 


16 


2201+044 


4C 04.77 


Sy-1 


H 


RX 


0.0270 


0.535 




X 


1 


19 



Notes — *BL Lacs which have been alternately cl assified as IBLs 
redshi ft a nd BL Lac clas sifi cation, respectiv e ly. 1-lFalomo et 
Jl993h. 4-[Falomol lll99lh. 5-lHenstock et al.l Jl997h. 6-lAlbert J. e i 
lUlrichl 



3Ls bvlNiei 
all 11994). 
J. et. al. C 



_ jl97Sr), 9-IStickel et al.l U993D. 10-lBade et al.l (11998)1, 11 
lll978h. 14-lHeidt et alj dl999T). 15-lDonato et al.l j2005r) . 
IWurtz et alj dl996T ). 19- IVeron-Cettv fc Veronl lll993h . 



Nieppola et al.l 1 2006 ) . Last two columns list references for 
2-lLaurent-Muehleisen et alj dl998h, 3-IStickel fc Kuhn 
(MAGIC Collaboration'),! 11200711, 7-luirich et al.l il975ft." 
Nass et al l lll996h , 1 2-lHewitt fc Burbidgel jl989ll, 13- IOkj 
Nieppola et alj ||2006|1 17- iLaurent-Muehleisen et al.l Jl999l1 . 18- 



Table 2. Details of the VLBP observing program. 



Observing 


Freq 


Antennas 


U-term 


EVPA 


date 


MHz 




calibrator 


calibrator 


23 Feb 1993 


4979.99 


MC, EB, WB, GB, Y27 


OQ 208 


0235+164,OJ 287 






HN, NL, BR, OV 






13 July 1995 


4987.49 


VLBA 


3C 84 


OJ 287 


28 June 1998 


4991.46 


VLBA 


0749+540 


Other 



presented in Figs. [T] to [TH The Gaussian restoring beam for each object is shown in the 
lower left-hand corner of the image. The rms noise in the total intensity maps is typically 
~ 100 /xJy/beam. 

The polarization electric vectors have not been corrected for Faraday rotation, occurring 
either in our Galaxy (i.e., an overall rotation of the EVPAs applied to all regions in the 
source) or in the immediate vicinity of the BL Lac object (likely affecting only certain regions 
in the source). Multi-frequency VLBP observations have demonstrated that the contribution 
from regions of thermal magnetized plasma in the immediate vicinity of the BL Lac object 
may be substantial in the core region, b ut is likely to be relat i vely s mall in the jet at 
appreciable distances from the core (e.g. 



Zavala fc Taylor 



2003, 



200J). Typical Galactic 



(i.e., foreground) rotation measures are no more than a few dozen rad/m 2 , corresponding to 
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rotations at 5 GHz of about 10° or less (e.g., 



Pushkarev 



200 ll ). Thus, we expect that the jet 



EVPAs should not be far from their intrinsic values, while the core EVPAs may in principle 
be subject to appreciable Faraday rotation. 

Models for all the sources were derived by fitting the complex, fully calibrated total 
intensity (I, the RR and LL correlations) and linear polarization (P, the RL and LR 
correlations) visibilities that result fro m the mapping proces s wit h a small numbe r of cir cular 



Gaussian components, as described by 



Roberts et al. 



(jl987h and 



Gabuzda et al. 



(11989|). We 



checked for consistency between the model fits, the distribution of CLEAN components, 
and the visual appearance of the images. The / and P visibilities were fitted separately, 
in order to allow for small differences in the positions and sizes of corresponding / and P 
components, either intrinsic to the source structure or associated with residual calibration 
errors. The model-fitting results are presented in Table [3j where the columns list the fitted 
parameters for various epochs. Column (1) presents the source name, while the remaining 
columns present for each component (2) an identifying label, with C denoting the core; (3)- 
(4) the total (/) and polarized (p) intensities; (5)-(6) the polarization position angle (x) and 
fractional polarization (m); (7)-(8) the separation from the core (r) and its uncertainty (Ar); 
(9)-(10) the structural position angle (8) and its uncertainty (A#); and the size (FWHM). 

Comments on the individual sources follow in § |5j When interpreting the observed polar- 
ization images, we assume that the jet emission is optically thin; in contrast, the observed 
"core" emission may be predominantly optically thick or optically thin, depending on the 
relative contributions of the optically thick "intrinsic" core and regions of the optically thin 
innermost jet that are blended with this feature due to our finite spatial resolution. 



5 NOTES ON INDIVIDUAL BL LACS 



5.1 0414+009 



This BL Lac o bject is hosted by a lu minous elliptical that is th e dominant memb er of a 



galaxy cluster (jFalomo fc Tanzilll99ll ). The 5 GHz VLA image of iReid et al.l (119991 ) shows 
a jet-like feature at position angle PA ~ 40°. Both of our VLBI images (Fig. [1]) show a jet 
in PA~ 75°, with no detected polarization. 



Pc-scale Magnetic-Field Structures in HEAO-1 BL Lacs 



Table 3. HEAO-1 BL Lac VLBI models 



Source 


Comp 


I 


P 


X 


m 


r 


Ar 


e 


AO 


FWHM 






(mjy) 


(mjy) 


(deg) 


(per cent) 


(mas) 


(mas) 


(deg) 


(deg) 


(mas) 


r\ a "i a i r\c\c\ 

0414+009 










1993.15 














C 


26.9 
















0.02 




Kl 


8.3 








1.43 


0.06 


72 


5 


0.96 












1995.53 














C 


38.5 
















0.22 




Kl 


7.7 








1.74 


0.23 


74 


8 


2.02 


0652+426 










1998.49 














C 


132.7 
















0.09 




K5 


18.7 


0.71 


-3.2 


3.79 


1.55 


0.03 


39 


1 


0.18 




K4 


4.7 








3.08 


0.12 


28 


2 


0.07 




K3 


4.4 








6.09 


0.30 


30 


2 


1.45 




K2 


2.5 








5.99 


0.20 


35 


2 


0.29 




Kl 


2.9 








11.69 


1.84 


28 


6 


4.27 


0706+592 










1993.15 














C 


24.9 
















0.23 












1995.53 














C 


27.7 
















0.19 




Kl 


1.9 








4.05 


0.50 


-157 


7 


1.00 


0749+540 










1998.49 














C 


1530.1 


148.5 


62.7 


9.7 










0.14 




K3 


93.2 








0.75 


0.03 


-124 


3 


0.10 




K2 


82.6 








0.85 


0.03 


22 


4 


0.29 




Kl 


7.8 








4.31 


0.26 


5 


6 


2.12 


0829+046 










1993.15 














C 


470.7 


15.2 


24.9 


3.2 










0.39 




K4 


80.8 


3.2 


4.9 


4.0 


1.00 


0.03 


55 


2 


0.39 




K3 


189.6 


11.1 


-20.8 


5.8 


2.62 


0.01 


59 





1.22 




K2 


32.9 


15.6 


-65.9 


47.4 


4.08 


0.06 


50 


1 


1.65 




Kl 


20.6 








5.21 


0.10 


51 


1 


2.74 












1995.53 














C 


674.9 


20.1 


55.1 


2.9 










0.45 




K5 


161.2 


9.9 


6.9 


6.1 


1.06 


0.01 


58 


1 


0.79 




K4 


150.2 


8.9 


-21.5 


5.9 


2.58 


0.01 


66 





0.44 




K3 


48.9 


9.8 


—40.1 


20.0 


3.97 


0.02 


57 





0.31 




K2 


18.2 


5.6 


-39.5 


30.8 


5.28 


0.07 


60 


1 


0.37 




Kl 


14.3 


1.6 


1.2 


11.1 


7.12 


0.08 


59 


1 


1.10 












1998.49 














C 


414.0 


18.2 


36.2 


4.4 










0.22 




K6 


98.3 


10.7 


-4.7 


10.9 


1.02 


0.02 


57 


1 


0.48 




K5 


160.7 


7.9 


-47.5 


4.9 


2.52 


0.01 


67 





1.03 




K4 


24.1 


5.9 


-70.7 


24.5 


3.90 


0.04 


61 


1 


0.48 




K3 


15.2 








5.41 


0.04 


62 


1 


0.41 




K2 


17.7 


7.7 


-42.6 


43.5 


7.37 


0.13 


58 


1 


2.35 




T<* 1 
IV 1 


y.y 








y.oo 


n in 

u.iy 


Oo 


n 
A 


1 KQ 
l.DO 


0925+504 










1998.49 














C 


477.1 


67.8 


58.7 


14.2 










0.57 




K2 


19.1 








6.47 


0.18 


128 


i 


3.32 




Kl 


9.8 








9.41 


2.07 


132 


n 


4.53 


1011+496 










1998.49 














C 


89.3 


4.2 


-12.2 


4.7 










0.36 




K4 


25.9 


0.9 


-10.3 


3.5 


1.00 


0.01 


-110 


i 


0.27 




K3 


9.3 








2.12 


0.03 


-96 


i 


0.23 




K2 


2.1 








3.27 


0.13 


-87 


5 


0.06 




Kl 


8.2 


0.5 


41.9 


6.1 


6.62 


0.09 


-102 


1 


1.86 
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Table 3. HEAO-1 BL Lac VLBI models (contd) 



Source 


Model 




V 


X 


m 


r 


Ar 


e 


A0 


FWHM 






(mjy) 


(mjy) 


(deg) 


(per cent) 


(mas) 


(mas) 


(deg) 


(deg) 


(mas) 


1 1fl1 I 










1 J JO. Oo 
















Olo.4 


A C 


—0 i.O 


l.O 










A 17 

U.l / 




rvo 


oo.A 


9 1 
A. 1 


01 a 


7 7 






-OO 


1 
1 


A 17 

U.l / 




TC7 
rv 1 


10 1 
LA.L 








Z.oi 


n 11 
U.ll 


-OO 


A 


1 A Q 




K6 


9.2 


2.5 


-43.2 


27.2 


5.37 


0.11 


-37 


1 


1.49 




K5 


8.2 








9.95 


0.76 


-32 


4 


4.65 




K4 


6.9 








15.95 


0.78 


-34 


3 


4.43 




K3 


6.7 








19.19 


0.55 


-47 


2 


3.66 




K2 


1.6 


0.7 


-52.5 


43.8 


20.52 


0.63 


-62 


2 


1.55 




Kl 


26.1 








32.13 


1.08 


-62 


2 


14.9 












1998.49 














C 


348.3 


4.2 


-54.3 


1.2 










0.19 




K8 


31.8 


4.9 


-2.6 


15.4 


1.35 


0.03 


-40 


1 


0.43 




K7 


0. j- 










u. 10 


-£ ±o 


Q 
O 


n 7fi 




K6 


18.3 


1.8 


-71.0 


9.8 


5.44 


0.14 


-41 


1 


2.41 




K5 


18.9 








11.96 


1.41 


-37 


5 


9.48 




K3 


4.1 


1.1 


-88.0 


26.8 


19.63 


0.61 


-52 


2 


3.35 


1133+704 










1998.49 














C 


97.5 
















0.21 




K6 


9.8 


2.8 


3.9 


28.6 


1.01 


0.10 


103 


4 


1.13 




K5 


7.6 


1.1 


-39.6 


14.5 


2.99 


0.13 


106 


1 


0.04 




K4 


2 1 








A 79 


U.O-L 


Q9 


Q 
O 


u.uu 




K3 


4.3 








10.54 


1.54 


78 


7 


6.11 




K2 


1.6 








16.89 


1.24 


77 


4 


2.68 




Kl 


0.4 








24.77 


1.12 


68 


2 


0.03 


1147+245 










1995.53 














C 


432.1 


18.6 


10.9 


4.3 










0.34 




K6 


120.9 








0.88 


0.01 


-103 


1 


0.66 




K5 


55.1 


2.9 


-84.1 


5.3 


2.65 


0.02 


-96 


1 


1.61 




K4 


21.1 


2.2 


-60.0 


10.4 


8.35 


0.32 


-90 


1 


4.20 




K3 


7.0 


4.1 


-59.4 


58.6 


8.50 


0.11 


-88 


1 


1.37 




K2 


24.4 


2.9 


18.7 


11.9 


13.73 


0.12 


-100 





3.45 




Kl 


21.8 


2.2 


20.6 


10.1 


20.03 


0.22 


-106 


\ 


5.22 


1215+303 










1993.15 














C 


34.2 
















0.29 




K5 


3.6 








0.84 


0.07 


94 


13 


0.39 




K4 


2.0 








2.34 


0.39 


105 


30 


0.67 












1998.49 














c 

v. 


224 2 
















21 




K5 


30.9 


6.8 


29.5 


22.0 


1.39 


0.02 


146 


1 


0.42 




K4 


5.0 








3.18 


0.13 


143 


2 


0.56 




K3 


5.4 








6.09 


0.22 


139 


2 


1.55 




K2 


2.0 








10.04 


0.17 


138 


1 


0.07 




TV" 1 
IV 1 


7 
/ .z 








10.40 


U.OU 




A 


Q Q9 


1227+255 










1998.49 














c 


180.7 


4.6 


28.2 


2.5 










0.12 




K4 


14.8 


3.7 


30.8 


22.0 


1.14 


0.03 


-127 


2 


0.23 




K3 


9.9 


1.5 


3.1 


10.6 


2.35 


0.05 


-117 


2 


0.88 




K2 


15.8 


1.7 


-76.2 


22.4 


4.32 


0.17 


-114 


2 


3.71 




Kl 


15.8 


1.2 


87.3 


9.7 


7.87 


0.16 


-127 


1 


4.09 


1235+632 










1993.15 














C 


14.1 
















0.16 




Kl 


1.9 








1.74 


0.12 


150 


5 


0.19 


1553+113 










1998.49 














C 


182.9 


4.2 


22.8 


2.3 










0.24 




K4 


19.0 


2.8 


3.3 


14.7 


0.68 


0.03 


53 


3 


1.07 




K3 


8.9 








3.24 


0.24 


20 


4 


3.82 




K2 


4.6 








10.02 


0.92 


58 


7 


6.22 




Kl 


2.4 








97.03 


1.20 


85 


1 


5.85 
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Table 3. HEAO-1 BL Lac VLBI models (contd) 



Source 


Model 




V 


X 


m 


r 


Ar 


e 


A6> 


FWHM 






(mjy) 


(mjy) 


(deg) 


(per cent) 


(mas) 


(mas) 


(deg) 


(deg) 


(mas) 


1727+502 










1995.53 














C 


76.2 


1.2 


-1.6 


1.6 










0.28 




K3 


26.6 


1.4 


44.5 


5.3 


1.78 


0.03 


-45 


1 


0.96 




K2 


17.1 


1.5 


27.3 


8.8 


3.25 


0.06 


-34 


1 


1.59 




Kl 


27.2 


1.0 


62.1 


3.7 


5.89 


0.22 


-49 


2 


4.08 












1998.49 














C 


59.0 
















0.37 




K5 


29.3 


0.6 


-60.3 


2.0 


1.15 


0.01 


-80 


1 


0.91 






in n 
±y .y 


9 1 
Z. 1 


O.O 


in fl 


9 7 A 
Z. 1 


U.UO 


^7 
O / 


1 
1 


l.Uo 




K3 


19.8 


2.3 


42.9 


11.6 


4.67 


0.03 


-62 


1 


1.43 




K2 


16.1 








6.74 


0.07 


-56 


1 


2.48 




Kl 


15.6 








15.74 


0.27 


-51 


1 


6.11 


1 1 *±±-j- ±yo 










1QQQ IQ 














C 


84.2 


0.9 


-55.0 


l.l 










0.38 




K6 


15.9 








1.14 


0.03 


73 


2 


0.53 




K5 


14.4 


1.4 


-33.7 


9.7 


2.75 


0.03 


79 


1 


1.11 




K4 


7.3 


0.8 


-29.9 


10.9 


5.87 


0.11 


84 


2 


2.23 




K3 


2.1 








9.37 


0.56 


84 


4 


2.78 




K2 


1.6 








13.39 


1.79 


88 


7 


4.37 




Kl 


4.5 








19.53 


1.25 


95 


4 


7.39 


1743+398 










1998.49 














C 


47.7 


0.7 


54.6 


1.5 










0.06 




K2 


7.0 








1.60 


0.07 


-179 


1 


0.48 




Kl 


3.7 


1.0 


28.6 


27.0 


5.25 


0.25 


178 


1 


1.48 


2201+044 










1998.49 














C 


155.4 
















0.39 




K2 


31.0 


0.76 


-50.9 


2.5 


1.19 


0.04 


-43 


2 


0.21 




Kl 


8.2 








3.39 


0.08 


-48 


1 


0.74 




Figure 1. 

90% of the 
32, 45, 64, 



Total intensity image of the HBL 0414+009. (Left) Epoch 1993.15. Contours are -2.8, 2.8, 5.6, 11.2, 22.5, 
peak surface brightness of 27.2 mjy beam -1 . (Right) Epoch 1995.53. Contours are -2, 2, 2.8, 4, 5.6, 8, 11, 
90% of the peak surface brightness of 38.6 mjy beam -1 . 



45 and 
16, 23, 
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Figure 2. Total-intensity image of the HBL 0652+426, epoch 1998.49, with \ vectors superimposed. Contours are -0.17, 0.17, 
0.35, 0.70, 1.40, 2.80, 5.60, 11.20, 22.50, 45 and 90% of the peak surface brightness of 136.6 mjy beam" 1 , \ vectors: 1 mas = 
1 mjy beam" 1 . 





O 



Relative Right Ascension (m 



-5 -10 

Relative Right Ascension (mas) 



Figure 3. Total intensity images of the HBL 0706+592. (Left) Epoch 1993.15. Contours are -4, 4, 5.6, 8, 11, 16, 23, 32, 45, 
64, 90% of the peak surface brightness of 23.9 mjy beam- 1 . (Right) Epoch 1995.53. Contours are -2.8, 2.8, 4, 5.6, 8, 11, 16, 
23, 32, 45, 64, 90% of the peak surface brightness of 27.5 mjy beam -1 . 



5.2 0652+426 



The 1.4 GHz VLA image of this sourc e shows a two-sided jet source embedded in a bright 
halo, with the brighter jet at PA=40° ( iRector et al.ll2003al ). Our VLBI image (Fig. [2]) shows 
a well-collimated jet extending from the core in PA~ 40°. Polarization is detected in the 
inner jet, with the inferred B field showing no obvious relation to the jet direction. 
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Figure 4. Total-intensity image of the LBL 0749+540, epoch 1998.49, with \ vectors superimposed. Contours are -0.09, 0.09 
0.17, 0.35, 0.70, 1.40, 2.80, 5.60, 11.20, 22.50, 45 and 90% of the peak surface brightness of 163.3 mjy beam" 1 , \ vectors: 1 
mas = 20 mjy beam -1 . 



5.3 0706+592 

The 1.4 GHz VLA image of 



Giroletti et al. 



(120041 ) shows the radio core to be located on 
the northwest edge of a roughly spherical cocoon. They suggest that this object could be 
a wide-angle or narrow-angle tailed object, viewed at a small angle. Their 5 GHz VLBA 
image shows a weak jet to the southwest. Our two VLBI images (Fig. [3]) are dominated by 
a compact co re, with weak extenti ons to the west (in 1993) and southwest (in 1995); given 



the image of 



Giroletti et al. 



(120041 ). the former is probably an artefact. We did not detect 



polarization at either of our epochs. 



5.4 0749+540 



Kiihr fc Schmidt 



( I1990l ) based on its feature- 



This source was classified as a BL Lac object by . 
less optical spe ctrum and high optica l polarization. A lower limit of z > 0.2 for its redshift 
was derived by IStickel fc Kiihrl (119931 ) based on the absence of any extended structure of a 
host gal axy in a direct imag e taken with the 3.5m Calar Alto telescope. The 5 GHz VLBI 



image of 



Taylor et al. 



J1994J) shows a jet emerging from the core in PA~ 0°. Our VLBI image 
(Fig. HI) reveals a dominant core, with an extension to the north, in roughly the direction of 
the previously detected VLBI jet. The core shows an unusually high fractional polarization 
of ~ 9%, while no polarization was detected in the jet. 
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Figure 5. Total-intensity images of the LBL 0829+046 with \ vectors superimposed. (Top left) Epoch 1993.15. Contours are 
-0.70, 0.70, 1.40, 2.80, 5.60, 11.20, 22.50, 45 and 90 per cent of the peak brightness of 469 mjy beam -1 , \ vectors: 1 mas = 4 
mjy beam" 1 . (Top right) Epoch 1995.53. Contours are -0.2, 0.2, 0.35, 0.70, 1.40, 2.80, 5.60, 11.20, 22.50, 45 and 90 per cent of 
the peak brightness of 699.3 mjy beam -1 , \ vectors: 1 mas = 5 mjy beam -1 . (Bottom) Epoch 1998.49. Contours are —0.35, 
0.35, 0.70, 1.40, 2.80, 5.60, 11.20, 22.50, 45 and 90% of the peak surface brightness of 441 mjy beam -1 , \ vectors: 1 mas = 8 
mjy beam -1 . 



5.5 0829+046 



0829+046 or OJ 049 is a -7-ray loud blazar ( 



l arge o ptic al variability ( 



(11985h and 



Liller fc Liller 



Giroletti et al. 



Dondi fc Ghisellini 



19951 ) whi ch shows rapid and 



19751 ). The 1.4 GHz VLA images of 



Antonucci fc Ulvestad 



(120041 ) show a two-sided structure with an extended and curved 



region of e mission to the south east. Previous VLBI images show a VLBI jet extending to the 



northeast (IJorstad et al. 



20011 ). clearly misaligned with the kpc-scale radio structure. Our 
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Figure 6. Total-intensity images with \ vectors superimposed. (Left) The LBL 0925+504, epoch 1998.49. Contours are —0.17, 
0.17, 0.35, 0.70, 1.40, 2.80, 5.60, 11.20, 22.50, 45 and 90% of the peak brightness of 433.3 mjy beam" 1 , \ vectors: 1 mas = 10 
mjy beam- 1 . (Right) The HBL 1011+496, epoch 1998.49. Contours are -1.4, 1.40, 2.80, 5.60, 11.20, 22.50, 45 and 90% of the 
peak brightness of 93.8 mjy beam -1 , \ vectors: 1 mas = 3 mjy beam -1 . 



VLBI images (Fig. reveal the rich polarization structure of the VLBI jet, whose inferred 
B field geometry has remained roughly constant over about five years. The predominant jet 
B field is longitudinal to the jet. The polarization position angle for the knot K4 changes 
dramatically over the roughly five years covered by our observations, and seems to swing to 
remain perpendicular to the VLBI jet as this component propagates from the core (making 
the dominant B field longitudinal essentially throughout the jet). Both K3 and K4 show ap- 
preciable increases in the degree of polarization accompanied by decreases in total intensity, 
suggesting this is associated with the expansion of these components as they evolve. 



5.6 0925+504 



The 1.4 GHz VLA image of 



Giroletti et a 



southeast, while the 8.4 GHz VLA map of 



(200 41) show s a fai nt jet-like extension to the 
(jl992l ) shows only the unresolved 



Patnaik et al 



core. The source is quite core-dominated in our VLBI image (Fig. El) , but also shows a clear 
jet to the southeast, well aligned with the structure observed by lGiroletti et al.l (120041 ) . The 
VLBI core displays the very high fractional polarization of m c = 15%, while no polarization 
was detected in the jet. 
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Figure 7. Total-intensity images of the HBL 1101+384 (Mrk 421) with \ vectors superimposed. (Left) Epoch 1995.53. 
Contours arc -0.17, 0.17, 0.35, 0.70, 1.40, 2.80, 5.70, 11.50, 22.50, 45 and 90% of the peak surface brightness of 326 mjy 
beam" 1 , \ vectors: 1 mas = 0.9 mjy beam- 1 . (Right) Epoch 1998.5. Contours are -0.17, 0.17, 0.35, 0.70, 1.40, 2.80, 5.70, 
11.50, 22.50, 45 and 90% of the peak surface brightness of 356.5 mjy beam -1 , \ vectors: 1 mas = 1.8 mjy beam- 1 . 



5.7 1011+496 



This object has been detected in Te V 7-rays by the MAGIC telescope ( [Albert J. et. al. (MAGIC Collaborat 



20071 ). The 1.5 GHz VLA image of Kollgaard et al. 



(119961 ) shows extended emission towards 



the west. Our VLBI image (Fig. [6]) shows a VLBI jet extending towards the west. Polariza- 
tion was detected in the core, inner jet, and outer jet, ~ 6 mas from the core. The \ vectors 
imply that the B field is roughly aligned with the inner jet, but may become transverse in 
the outer jet. 



5.8 1101+384 



1104+382 or Mrk 42 1 is a well-known TeV 7-ray emitting blazar (IMushotzky et al. 



Schwartz et al. 



1978 



1979j). In the 0.5-10 keV band, this source is variable on time-scales rang- 



ing from 14 hours to several days and occasionally exhibits large (by a factor of 10) X-ray 



outbursts characterized by a marked flatt ening of the spectrum ( 



Ulvestad et al. 



George et al. 



Il988h . The 



1.4 GHz kpc-scale images of iKapahil (119791 ) and 
sion t owards the northwest and northe ast. The 22 GHz VLB P images of 
( 120051 ) and 5-22 GHz VLBP images of 



(119831 ) sh ow extended emis- 



Charlot et al 



Piner fc Edwards 



(120061 ) show the VLBI jet extending 



to the northwest, with the dominant inferred B field in the inner jet being transverse to 
the jet, although jet regions with possibly oblique (i.e., neither al igned nor perpendicu lar to 



the jet) and longitudinal B fields are also visible in the images of 



Chariot et al. 



(I2006h . Our 
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new VLBI images (Fig. [7]) are qualitatively similar to those of 



Chariot et al. 



(120061 ) . with 



the predominant jet B field being transverse. Our images, especially the one from 1995, also 
show a region of faint, extended polarization ~ 15-20 mas from the core, with the \ vectors 
being roughly aligned wi th the direction back towards the core; precisely the same structure 



is visible in the images of 



Chariot et al 



(12000 ). particularly the one for March 28, 1998. This 
suggests that the observed total-intensity emission may represent only the edge of a much 
broader flow whose B field is transverse to the flow direction, as would be expected if we 
are seeing the transverse component of a toroidal or helical B field associated with the jet. 
Overall, the variations in the polarizations of individual components are appreciable, but 
not dramatic, being comparable to the 5 GHz polarizati on variations observe d on similar 
timescales for individual VLBI components in LBLs (e.g.. iGabuzda et al.lll994j ). 



5.9 1133+704 



1133+704 is associated with the giant elliptical 
by the Einstein and HEAO-1 observatories 



galaxy Mrk 180. X-ray emission was detected 



Hutter fc Mufson 



candidate TeV BL Lac (ICostamante fc Ghisellini 



asymmetric core-ha 



1993 



Giroletti et al. 



1980), and the object is a 



2002 1') . Th e kpc- s cale radio structure has an 



o mo rphology (jAntonucci fc Ulvestad 



1985 



Laurent-Muehleisen 



2004]). The previous global VLBI observations of 



Kollgaard et al 



et al 



199 



show a jet to the southeast. A high degree of polarization was found in the inner jet, but 
with the corresponding x vectors bearing no obvious relationship to the jet direction. Our 
new VLBI image (Fig. [8]) reveals polarized emission in both the core and jet, with the 
predominant implied B field being longitudinal. We also detect a region of polarization at 
the southern edge of the jet with x — 45°, whose origin is not clear. 



5.10 1147+245 



This source has two remarkable properties that are quite un usual for BL Lac objects: th e 



radio structure at 1.4 GHz consists of a classical triple source (jAntonucci fc Ulvestad 



1985) 



and t he optical variability is rather small, with a total amplitude of only 0.77 mag (IPica et al 



19881 ). The kpc-scale radio em ission extends r o ughly in the north-south direction. The pre- 

(119991 ) shows the VLBI jet extending to the 



vious 5 GHz VLBP image of 



Gabuzda et al. 



west, misaligned with the large-scale structure. Only weak polarization was detected from 
the jet, corresponding to a transverse B field. In our new VLBI image (Fig. [8]), polarization 
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Figure 8. Total-intensity images with \ vectors superimposed. (Left) The HBL 1133+704, epoch 1998.49. Contours are —0.35, 
0.35, 0.70, 1.40, 2.80, 5.70, 11.50, 22.50, 45 and 90% of the peak surface brightness of 98 mjy beam" 1 , \ vectors: 1 mas = 1.7 
mjy beam- 1 . (Right) The LBL 1147+245, epoch 1995.53. Contours arc -0.17, 0.17, 0.35, 0.70, 1.40, 2.80, 5.6, 11, 23, 45 and 
90% of the peak surface brightness of 479.4 mjy beam -1 , \ vectors: 1 mas = 2.5 mjy beam" 1 . 
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Figure 9. Total-intensity images of the HBL 1215+303 with \ vectors superimposed. (Left) Epoch 1993.15 (no polarization 
detected). Contours are -2.8, 2.8, 4.0, 5.6, 8, 11, 16, 23, 32, 45, 64 and 90% of the peak surface brightness of 33.4 mjy beam- 1 . 
(Right) Epoch 1998.49. Contours arc -0.17, 0.17, 0.35, 0.70, 1.40, 2.80, 5.70, 11.50, 22.50, 45 and 90% of the peak surface 
brightness of 231 mjy beam -1 , \ vectors: 1 mas = 2 mjy beam -1 . 



is detected throughout the jet, with the \ vectors in the inner jet at and beyond ~ 15 
mas from the core being aligned with the jet, indicating transverse B fields. The relative 
orientation of the x vectors in another region of polarization ~ 8 mas from the core is not 
clear. 
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5.11 1215+303 



The 1.5 GHz VLA image of 



Laurent-Muehleisen et al 



( 119931 ) shows an unresolved core with 



a hint of extended emission towards the southwest. The core-to- lobe ratio is > 14, the 
largest in the HEAO-1 sample. Our 1993 image shows a short jet in PA~ 135°, and our 1998 
image reveals a well-defined straight jet in this same position angle (Fig. [9]). Polarization 
was detected only at the latter epoch, in both the core and inner jet. The inferred jet B field 
is aligned with the jet. The jet component K5 was roughly 22% polarized at epoch 1998.49, 
when the total intensity of this feature was about a factor of eight higher than at our earlier 
epoch, 1993.15. If K5 were comparably polarized in 1993.15, it would have had a polarized 
flux of only about 0.7-0.8 mJy, making the absence of a polarization detection at the earlier 
epoch unsurprising. 



5.12 1227+255 



This BL Lac object was identified during t he correlation o: 



(RASS) with the Hamburg Quasar Survey (INass et al.l Il996l ). Our VLBI image (Fig. [10 



the ROSAT All-Sky Survey 



shows a jet that initially emerges to the southwest, then curves toward the south. Polarization 
was detected in both the pc- scale core and jet. The x vectors in the inner jet are roughly 
aligned with the jet direction, implying a transverse B field, and a 'sheath' of longitudinal 
B field is observed along the northern edge of the jet, where the jet appears to be bending. 

5.13 1235+632 



The 1.5 GHz VLA image of 



Laurent-Muehleisen et al. 



(119931 ) does not reveal any extended 



structure. Our VLBI image (Fig. [TO]) shows a pc-scale jet extending in PA~ 140°. No polar- 
ization was detected. 



5.14 1553+113 



The 1.4 GHz VLA image of 



Rector et al. 



(j2003al ) shows a faint lobe south of the core, with 



a weak "hot spot" in PA=160°. The 5 GHz VLBA map however sho ws a jet extending t o 



the northeast in PA= 48°, giving a large misalignment of APA=112° ([Rector et al. 



2003 



Our VLBI map (Fig. [TTj) shows a dominant core and a short jet in PA~ 45°. There may be 
fainter jet emission further from the core in this same direction, and also possibly a faint 



20 P. Kharb, D. Gabuzda and P. Shastri 





-5 -10 -15 

Relative Right Ascension (mas) 



2 0-2-4 
Relative Right Ascension (mas) 



Figure 10. Total-intensity images with \ vectors superimposed. (Left) The HBL 1227+255, epoch 1998.49. Contours are —0.17, 
0.17, 0.35, 0.70, 1.40, 2.80, 5.60, 11.20, 22.50, 45 and 90% of the peak surface brightness of 183.7 mjy beam" 1 , \ vectors: 1 
mas = 2.5 mjy beam -1 . (Right) The HBL 1235+632, epoch 1993.15 (no polarization detected). Contours are -4, 4, 5.6, 8, 11, 
16, 23, 32, 45, 64, 90% of the peak surface brightness of 13.8 mjy beam -1 . 
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Figure 11. Total-intensity image of the LBL 1553+113, epoch 1998.49, with \ vectors superimposed. Contours are -0.19, 0.19, 
0.35, 0.70, 1.40, 2.80, 5.60, 11, 23, 45 and 90% of the peak surface brightness of 189.7 mjy beam -1 , x vectors: 1 mas = 1.5 
mjy beam -1 . 



extension on the counterjet side. Polarization was detected in both the core and inner jet, 
but the orientation of the x vectors relative to the jet is unclear. 
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Figure 12. Total intensity image of the HBL 1727+502 with \ vectors superimposed. (Left) Epoch 1995.53. Contours are 
-0.35, 0.35, 0.70, 1.40, 2.80, 5.60, 11, 23, 45 and 90% of the peak surface brightness of 77.2 mjy beam -1 , x vectors: 1 mas = 
1 mjy beam" 1 . (Right) Epoch 1998.49. Contours are -0.35, 0.35, 0.70, 1.40, 2.80, 5.60, 11.20, 22.50, 45 and 90% of the peak 
brightness of 64.2 mjy beam -1 , \ vectors: 1 mas = 1.8 mjy beam . 



5.15 1727+502 



1727+502 is a candidate TeV BL Lac ( Costamante fc Ghisel lini 



20021 ). The kpc-scale radio 



structure consists of an unresolve d core and diffuse, asymmetrical ha 



a jet emerging to the northwest (Wardle et 



al 



1984b 



Giroletti et al. 



o, wi th evidence for 



20041 ) . The previous 



5 GHz VLBP image of iKollgaard et al.l (Il996l ) show a jet extending to the northwest, roughly 
aligned with the kpc-scale structure. Polarization was detected in several jet components, 
with the implied B field being either transverse or lontudinal in the inner jet, depending 
on interpretation, then becoming clearly longitudinal further from the core. Our new VLBI 
images (Fig. H2"l) clearly show regions of polarization corresponding to longitudinal B fields 
offset from the jet ridge line, forming a sort of 'sheath' of polarization. The 1998 image 
also shows a region of transverse B field in the inner jet, thus overall a 'spine-sheath'-like 
polarization structure. There were no dramatic changes in the polarization properties of 
individual VLBI components in the roughly three years between our two epochs. 



5.16 1741+196 



VLA snapshot observations of this source (see 



Perlman et al 



19961 ) show a jet in PA~ 90°. 



The 5 GHz VLBA image of iRector et al.l (j2003al ) shows a collimated straight jet extending 
to the east in PA= 86°, well aligned with the VLA jet. Our VLBI map (Fig. [T3l) clearly 
shows a well-defined straight jet extending in PA~ 90°. Polarization was detected in the 
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Figure 13. Total-intensity images with \ vectors superimposed. (Left) The HBL 1741+196, epoch 1998.49, Contours are —0.35, 
0.35, 0.70, 1.40, 2.80, 5.60, 11.20, 22.50, 45 and 90% of the peak surface brightness of 84.3 mjy beam" 1 , \ vectors: 1 mas = 
1.3 mjy beam" 1 . (Right) The HBL 1743+398, epoch 1998.49. Contours are -0.70, 0.70, 1.40, 2.80, 5.60, 11, 23, 45 and 90% of 
the peak surface brightness of 49.3 mjy beam" 1 , \ vectors: 1 mas = 0.9 mjy beam -1 . 



core and two jet components, but the \ vectors bear no obvious relationship to the direction 
of the jet structure. 



5.17 1743+398 



This BL Lac object lies close to the center of a moderately massive galaxy cluster (INilsson et al 



19991 ) . The 1.4 GHz VLA image of this source shows a highly distorted FRI morphology; 



the jet s lie in the northwest and southeast directions, and show sharp bends (IRector et al. 



2003bl ). Our VLBI image (Fig. [13]) shows a jet pointing nearly to the south. There is evidence 



for a 'sheath' of longitudinal B field at the eastern edge of the jet. 



5.18 2201+044 

Many radio observations have mapped the i ntricate extended structure in this Seyfert-1 



galax y at different frequencies and res olutions (lUlvestad fc Johnston 



19891 ). The 1.5 GHz observations of 



Laurent-Muehleisen et al 



19841 : 



van Gorkom et al. 



( 119931 ) revealed a broad jet 



extending towards the northw est in PA^ ~50 ° and faint extended emission to the east. 
The previous VLBI image of iKollgaard et al.l (119961 ) showed a compact jet structure in 
PA~ —42°, aligned with the dominant kpc-sale structure; no pc-scale polarization was de- 
tected. Our new VLBI map (Fig. [141) shows a jet in the same position angle, z.e.,~ —40°. 
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Figure 14. Total-intensity images of the Sy-1 2201+044, epoch 1998.49, with \ vectors superimposed. Contours are -0.4, 0.4, 
0.70, 1.40, 2.80, 5.60, 11, 23, 45 and 90% of the peak surface brightness of 162.3 mjy beam" 1 , \ vectors: 1 mas = 0.9 mjy 
beam . 

Polarization was detected only in the jet, with the inferred B field being perpendicular to 
the jet direction. 



6 VLBI PROPERTIES OF LBLS AND HBLS AT 6 CM 



The data for the LBLs, w 
have been obtained from 



lich belong primarily to the 1-Jy sample (jKiihr fc Schmidtlll990f ). 



Gabuzda et al. 



(120001 ) . Data for four additional LBLs belonging 
to our HE AO- i+RGB sample have been included in the analysis. Of these, 1147+245 also 
belongs to the 1-Jy sample. The data for the HBLs comes primarily from our HEAO-1+R.GB 
sample. The redshift distribution for the LBL and HBL samples is presented in Fig. [151 
The distributions of the core fractional polarization, the inner-jet (r < 10 pc from the 
core) fractional polarization, the difference between the core polarization angle and the jet 
direction \\ c — 6\ and the difference between the inner jet polarization angle and the jet 
direction \\j — 6\ for LBLs and HBLs are presented in Figs. [TTJ, HH CHI and [201 respectively 
Table H] tabulates the values for these parameters. Note that multiple values for a single 
source are included in the histograms if they fall in different bins, but not if they fall in the 
same bin. The Sy-1 galaxy 2201+044 was excluded from the analysis. 

Table [6] summarises the results of the comparison between LBLs and HBLs. It has the 
following columns: Col. (1) the property being compared, (2) the corresponding two-sided 
Kolmogorov-Smirnov (K— S) statistic, which specifies here the maximum deviation between 
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Figur e 15. The redshift distributions of LBLs (left) and HBLs (right). The LBLs are primarily 1-Jy BL Lacs Gabuzda et al. 
(2000) but include four LBLs from our HEAO-1+KGB sample while the HBLs belong to our HEAO-1+RGB sample and 
include Mrk 501 from the 1-Jy sample. 
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Figu re 16. The tot al radio power at 1.4 GHz for LBLs (left) and HBLs (right). The LBLs are primarily 1-Jy BL Lacs 
iGabuzda et al.l d2000h but include three LBLs from our HEAO-1+RGB sample while the HBLs belong to our HEAO-1+RGB 
sample and include Mrk 501 from the 1-Jy sample. The 1.4 GHz radio data was obtained from the NASA/IPAC Extragalactic 
Database. 



the cumulative distributions for the LBLs and HBLs, (3) the significance level of the K- 
S statistic, i.e., the probability that the cumulative distributions for the LBLs and HBLs 
are intrinsically similar, and (4) "YES" and "NO" indicate if the differences between the 
properties of the two BL Lac populations are statistically significant or not, while YES? 
indicates a difference that is significant at the 2a level. 
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Table 4. HBL Core and Jet polarisation properties 



Source m c mj [Jet Component] 


IXc-0| 


\\j — 0\ [Jet Component] 


(%) (%) 


(deg) 


(deg) 



0414+009 



0652+426 




3.8 


0706+592 






0749+540 


9.7 




0829+046 


3.2 


4.0 [K4], 5.8 [K3] 




2.9 


6.1 [K5], 5.9 [K4] 




4.4 


10.9 [K6], 4.9 [K5] 


0925+504 


14.2 




1011+496 


4.7 


3.5 


1101+384 


1.5 


7.7 [K8], 27.2 [K6] 




1.2 


15.4 [K5], 9.8 [K3] 


1133+704 




28.6 [K6], 14.5 [K5] 


1147+245 


4.3 


5.3 


1215+303 




22.0 


1227+255 


2.5 


22.0 [K4], 10.6 [K3] 


1553+113 


2.3 


14.7 


1727+502 


1.6 


5.3 [K3], 8.8 [K2], 3.7 






2.0 [K5], 10.6 [K4], 11 


1741+196 


1.1 


9.7 [K5], 10.9 [K4] 


1743+398 


1.5 




2201+044 




2.5 



12 



[Kl] 
.6 [K3] 



30 


50 


[K4], 


80 [K3] 


3 


51 


[K5], 


88 [K4] 


21 


62 


[K6], 


65 [K5] 


69 








82 


80 






55 


55 


[K8], 


6 [K6] 


11 


37 


[K5], 


30 [K3] 




81 


[K6], 


34 [K5] 


73 


12 
64 






25 


22 


[K4], 


60 [K3] 


30 


50 






13 


90 


[K3], 


61 [K2] 




20 


[K5], 


61 [K4] 


52 


67 


[K5], 


66 [K4] 


54 









, 69 [Kl] 
, 75 [K3] 



8 



Notes — 0829+046: there is an extended region with inferred longitudinal B-field further from the core. 1101+384: clear evidence 
for extended regions with B-ficld perpendicular to the jet direction slightly further from the core. 1147+245: the inferred B-field 
appears to remain perpendicular to the local jet direction further from the core as the jet bends. 1227+255: evidence for a 
sheath of longitudinal B-field further from the core. 1727+502: evidence for a sheath of longitudinal B-field at edges of the jet. 

6.1 Parsec-scale core polarization 

We have detected pc-scale polarized emission in all but three of the high-energy-peaked 
BL Lacs in our HEAO-1+KGB sample. We find that the degree of polarization in the core, 
m c , is typically less than 3% in the HBLs, with only one HBL (1011+496) having m c > 4% 
(see Fig. [TTj) . On the other hand, LBLs typically have m c > 3% with the core polarizations 
occasionally exceeding 10% (Fig. ITT]) . It is interesting that two of the X-ray selected BL 
Lac objects for which results are presented here have among the highest core fractional 
polarizations ever measured — 0749+540 (m c ~ 9%) and 0925+504 (m c ~ 15%); however, 
these prove to be LBLs, so that their core fractional polarizations fall within the previously 
observed range for this class. 

A two-sided Kolmogorov-Smirnov test on the distribution of m c for the HBL and LBL 
subclasses indicates only a 0.3% probability that the two datasets come from the same par- 
ent population (Table [6]). The tendency for the LBLs to have higher pc-scale core fractional 
polariza tion than the HBLs h as also been observed in the kpc-scale cores of these BL Lac 



objects ( IKollgaard et al. 



1996). Although both LBLs and HBLs have relatively modest red- 



shifts compared to the quasars, there is a significant difference in the redshift distribution of 




LBLs and HBLs (Fig. [15]) . The K-S test indicates that the probability that the two datasets 
come from the same parent population is only around 0.02% (Table [6]). This would result 
in the VLBI observations probing somewhat different spatial scales in the two BL Lac sub- 
classes. Therefore there is a possibility that, on average, the radio cores of LBLs include 
greater contributions from the inner radio jets than do the radio cores of HBLs, resulting 
in higher average core fractional polarizations. However, when we tested this we did not 
find any correlation between core fractional polarization and redshift for the LBLs (Spear- 
man rank test; p=0.9). Further, this idea could not simultaneou sly explain the origin of the 
lower core fractional polarizations in quasars compared to LBLs (IGabuzda et al.ll2000l ) , since 
quasars tend to typically have higher redshifts than BL Lac objects. Based on significant 
differences in the total and extended power, as discussed later in § 7, we infer the low m c in 
HBLs to be due to their intrinsically weaker radio cores. 

We find that the polarization-angle orientations in the pc-scale cores relative to the inner 
VLBI jet direction are not statistically significantly different in HBLs and LBLs (see Fig. [18 
and Table [6]). However, while in LBLs ther e is a clear tendency for \ c to lie either parallel 
or perpendicular to the jet direction (see Gabuzda et ab 200oi). such a behaviour is not 



observed in HBLs. Optical depth effects as discussed by 



Gabuzda! (120031 ) could however be 



contributing to the differences in the observed EVPA distributions. 
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Figure 18. Distributions of offset between the core polarization angle \c an d the direction of the VLBI jet for the 1-Jy LBLs 
(left) and HBLs (right). The distribution is bimodal for LBLs with preferred values close to 0° and 90°, while the HBLs seem 
to show the whole range of angles. The shaded re gions mark the LBLs belonging to our HEAO-1+RGH sample. X denotes a 
BL Lac that is alternately classified as an IBL bv lNieppola et al.l l|2006l l. 




6.2 Parsec-scale jet polarization 

Figure [T9l shows the distribution of the inner-jet fractional polarizations for LBLs and HBLs. 
The range of fractional polarizations in the inner jets (say, within 10 pc from the core), rrij, 
is the same for LBLs and HBLs, with the highest jet polarizations in both classes reaching 
tens of per cent, indicating the presence of highly aligned B fields. The K-S test on the re- 
distributions for the HBLs and LBLs indicates a ~74% probability that the two datasets 
come from the same parent population (Table [6]). 




Figure 20. Distributions of offset between the inner-jet (r < 10 pc) polarization angle \j an d the direction of the VLBI jet 
for LBLs (left) and HBLs (right). The LBL distribution shows a predominance of values close to 0° and a secondary peak 
near 90°. The HBL distribution shows a large range of angles with a predominance of values larger than 60°. The shaded 
re gions mark the LBLs b elonging to our HEAO-1+KGH sample. X denotes a BL Lac that is alternately classified as an IBL 
by iNieppola et alj (l2006tl . 



However, the jet polarization-angle orientation displays an intriguing difference between 
HBLs and LBLs. While the jet EVPAs are predominantly aligned with the VLBI jet direction 
in LBLs, the EVPAs in HBLs show a tendency to be greater than 60° with respect to the 
jet direction, that is, roughly perpendicular to the local jet direction (Fig. l20l) . The K- 
S test indicates a difference in the jet EVPAs between HBLs and LBLs at the ~ 93% 
significance level. Assuming that the jet emission is optically thin, this result if true for 
HBLs, implies that the HBLs show predominantly longitudinal jet B fields, while the LBLs 
possess predominantly transverse jet B fields. Clearly this bimodality in B field structure 



needs to be tested with a larger sample of HBLs. We note that the 



which have alternatively been classified as IBLs by lNieppola et al.l (120061 ). occupy the middle 



et EVPAs of those HBLs 



of the EVPA range (between 20 - 70°). This behaviour also warrants further investigation. 
Some of the HBLs show evidence for a 'spine-sheath' B field structure, with the in- 



ner region of the jet having transverse B fields and the edges having 



This type of B field structure has been observed in other blazars (lAttridge et al. 



ongitudinal B fields . 



Giroletti et al 



1999 ; 



2004 ) and it could result from interaction of the jet with the surrounding 



medium, or due to jet acceleration being a function of ;he angular distan ce from the jet 
axis, p rodu cing a velocity s t ructu re (IGhisellini et al.ll2005l ). Alternatively, as lGabuzda et al. 



fl2004h and 



Lyutikov et al 



(120051 ) have pointed out, this could be associated with the pres- 



ence of a helical B field associated with the jets of these objects. Such fields could come 
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Table 5. Apparent speeds 



Source 


Proper motion (mas/yr) 


0app 


Number of Epochs 


Ref 


0414+009 


0.13 


1.81 


2 


P 


0829+046 


0.52, 0.54, 0.62, 0.88 


4.95, 5.14, 5.90, 8.37 


3 


P 


1101+384 


0.02, 0.03, 0.04, 0.05 


0.03, 0.06, 0.09, 0.10 


28 


PE05 


1133+704 


0.04, 0.18, 0.78 


0.11, 0.51, 2.23 


■1 


W 


1215+303 


0.10, 0.16 


0.75, 1.19 


2 


P 


1652+398 


0.12, 0.25 


0.26, 0.54 


12 


EP02, PE04 


1727+502 


0.03, 0.16, 0.47, 1.53 


0.10, 0.55, 1.63, 5.30 


6, 6, 6, 5 


W 


1741+196 


0.04, 0.23 


0.20, 1.17 


5, 6 


W 


2155-304 


0.117 


4.37 


3 


PE04 


2344+514 


0.044 


1.15 


4 


PE04 



Notes — Refere nce for component speed s - P = Presen t work , EP02 = lEdwards fc Pinerl d2002h . PE04= [Piner fc Edwards! 
d2004h , PE05 = |Piner fc Edwards! [|2005h , W= IWu et all | |2007|) . 



about in a natural way due to the "winding up" of a seed field via the combination of outflow 
and rotation of the central black-hole-accretion-disk system. Particularly good examples of 
a 'spine-sheath' B field structure are 1227+255 (Fig. [10D and 1727+502 (Fig.[T2l). 



6.3 Apparent Speeds 

We were able to derive tentative two-epoch apparent speeds for a number of the objects 
in our sample from the model-fitting results in Table [3] either on their own or combined 
with results from the literature. We also derived firmer speeds for a smaller number of 
objects based on three or more epochs, by combining our results with other model fits in 
the literature. The collected apparent speeds for these and other HBLs from the literature 
are tabulated in Table El where Col. (3) gives the jet component speeds, and (4) the number 
of epochs used for estimating these speeds. 



LBLs typica 



( IGabuzda et al- 



ly sh ow superluminal motions with apparent speeds in the range 1 — 5c 
2000). In Fig. [21] we have plotted the apparent speeds of these, along with 



the LBL 0829+046 from the HEAO-1 sample, shaded in black, which exhibits component 
speeds of ~ 5c. Figure [21] also shows the distribution of apparent speeds for our HBL sample. 
We find that j3 app is typically less than 2 for the HBLs. A two-sided K-S test indicates that 
the HBL and LBL speeds are different at the 99.9% significance level. This could suggest 
that either the HBL jets have lower Lorentz factors compared to LBLs, or they are oriented 
at larger angles to the line of sight. 
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Figure 21. Distribution of apparent speeds of the jet components for the 1-Jy LBLs (left) and the HBLs (right). The apparent 
speeds in the LBLs show a peak between 2 — 3c, somewhat higher than the peak of 1 — 2c seen in our HBLs. The shaded regions 
mark the LBLs belonging to our HEA0-1+HG3 sample. 



Table 6. The Kolmogorov— Smirnov test statistic and probability for various parameters for HBLs and LBLs. 



Parameter 


K— S statistic 


Probability 


Significantly Different? 


LlA 


0.755 


1.57E-05 


YES 


z 


0.655 


0.00018 


YES 




0.655 


0.003 


YES 


0app 


0.589 


0.001 


YES 


\Xj - o\ 


0.371 


0.074 


YES? 


\xc-e\ 


0.319 


0.436 


NO 


mjet 


0.198 


0.738 


NO 



7 DISCUSSION 



7.1 Nature of the core polarization 

The HBL VLBI cores show lower fractional polarizations than LBL cores. The lack of a 
correlation between core fractional polarization and redshift at a high significance level 
however, suggests that the higher m c values may be inherent to LBLs, and is not merely 
a resolution effect due to their higher average redshifts. There exists a possibility that the 
characteristic optical depths of the HBL cores are higher than those of the LBL cores, leading 
to lower observed m c values for the HBLs. In this case, we might expect to observe different 
behaviour in the distributions of Xc for the HBLs and LBLs, which is observed in Fig. [151 
albeit for a very small number of sources. However it appear s that the HBL cores could 
be i ntrinsically less luminous th an LBLs, as also suggested by iGiommi fc Padovanil (119941 ) 



and 



Padovani fc Giommil (119951 ). Figure [16] and Table [6] demonstrat e that HBLs are less 



luminous in their total radio emission, while 



Urry fc Padovanil (119951 ) have shown that the 
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same is true for their extended emission, supporting the picture wherein the radio cores in 
HBLs are intrinsically weaker than in LBLs. 



7.2 Jet polarization in HBLs and other Core-dominated AGNs 

7.2.1 Differences in Viewing Angles ? 

Although larger viewing angles in HBLs were initially invoked to explain their less extreme 
radio properties, this hypothesis was brought into question when the HBL/LBL SEDs could 
not be recon c iled sim ply with different viewing angles. This debate is currently on — while 



Rector et al. 



(j2003al ) hav e suggested 



to-kpc-jet misalignments, 



Landt et al. 



arger 



viewing angles for HBLs based on smaller pc- 



(120021 ) find no differences in viewing angles based on 
the Ca H&K break, an orientation-indicator. 

The lower apparent speeds observed in HBLs on their own could be taken to support 
the different angle scenario, since lower observed apparent speeds could come about if the 
HBL jets were viewed at larger angles to the line of sight (even if the intrinsic speeds of the 
HBLs and LBLs were basically the same). However, we find that the other differences that 
we observe between LBLs and HBLs cannot be reconciled with this simple picture. This 
suggests that HBL jets are intrinsically slower than LBLs. In this case, the HBL jets would 
have lower Doppler factors, and so, on average, would be viewed at a larger range of angles 
than the more Doppler-beamed LBL jets (but with this range being smaller than that for 
FRI radio galaxies). Thus, it is possible that the main effect leading to the differences in the 
apparent speeds is a systematic difference in intrinsic flow speed, but with the less important 
associated factor that the LBL jets are, on average, oriented at systematically smaller angles 
to line of sight, due to their increased beaming and subsequent prevalence in a flux-limited 
radio sample. 



Note that iPiner &: Edwardsl (l2004j ) have suggested that the high-energy TeV emission 
from the TeV blazars (mostly HBLs), which requires high Lorentz factors, can only be rec- 
onciled with the slow jet speeds inferred from radio observations if their jets are decelerating 
fast on microarcsecond scales, close to the central engine. This again supports the picture 
of intrinsically slower radio jets in HBLs compared to LBLs. 

Several of our HBLs show evidence for 'spine-sheath' B field structures, with transverse 
B field in the inner region of the jet and longitudinal B field at the edges. Such structures 
have sometimes been interpreted as reflecting the velocity structure in a jet with a faster 
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'spine' and slower 'sheath' (e.g. Attridge et al. 1999). In this scenario, the more prominent 
longitudinal jet B fields in HBLs could come about if their jets are oriented at relatively 
larger angles to the line of sight, where the emission from the slower- moving sheath field 
dominates, thus in principle supporting the "different-angle scenario" for HBLs and LBLs. 
However based on differences in the global properties of LBLs and HBLs, it seems much 
more likely that, if the longitudinal B field at the jet edges is due to shear, this comes about 
for some other reason, such as lower intrinsic speeds in HBL jets. In addition, as we consider 
below, such 'spine-sheath' B field structures may have an entirely different origin, having to 
do with the intrinsic B field of the jet. 



7.2.2 Spine-Shear Jet structure and Helical Magnetic Fields ? 



Gabuzda et al 



(120041 ) and lLyutikov et al.l (120051 ) have pointed out that 'spine-sheath' struc- 



tures of the sort observed for 1227+255 and 1727+502 could be observed if helical B fields 
are associated with the jets of these objects. In this case, the dominant observed B field 
orientation (aligned with or perpendicular to the jet) would be determined by the pitch 
angle of the helical B field, and also to some extent by the viewing angle. The pitch angle 
of the helical field might plausibly be determined, for example, by the relationship between 
the speed of rotation of the central black-hole-accretion-disk system and the outflow speed 
of the jets. One way to understand the differences in the observed jet B field structures of 
HBLs and LBLs is to suppose that this ratio tends to be lower for HBLs than for LBLs, 
resulting in smaller pitch angles for their jet B fields. This could come about, for example, 
if the rotational speed were lower and the outflow speed higher in HBLs than in LBLs. 

The simplest interpretation of our tentative finding that HBLs seem to have lower su- 
perluminal speeds than LBLs is that the HBL jets have lower bulk Lorentz factors than 
the LBL jets. If true, their lower outflow speeds would tend to increase the pitch angles 
of the associated helical B fields (i.e., make their helical fields more tightly wound), which 
would lead to a tendency for their jet fields to be more, rather than less, dominated by a 
transverse field component. However, if the central rotational speeds of the HBLs are also 
lower than those in LBLs, the average ratio of the rotational to the outflow speeds could 
end up being lower in HBLs than in LBLs, tending to give rise to a dominant longitudinal 
field component. 

In this picture, the characteristic jet Lorentz factors of HBLs would be systematically 
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lower than those of LBLs and flat-spectrum radio quasars. It is interesting that the VLBI jets 
of FSRQs also tend to show a predominance of longitudinal B fields. One way both the low- 
Lorentz-factor HBLs and the high-Lorentz-factor FSRQs could end up with predominantly 
longitudinal jet B fields is if, in both cases, the ratio of the outflow to the central rotational 
speed is relatively high — in the HBLs due to relatively low rotational speeds, and in the 
quasars due to relatively high outflow speeds. 

Indeed, the observed super luminal motions in quasar jets are, on avera ge, somewhat 



higher than those in LBL jets (IGabuzda et al. 



2000 



Kellermann et al. 



20041 ); the simplest 



interpretation of this systematic difference is that the typical jet Lorentz factors are higher in 
quasars than LBLs. Lower apparent speeds in LBLs could also come about if their jets were 
viewed at somewhat larger (or smaller) angles to the line of sight, but the former possibility 
is at odds with the high polarization and variability of LBLs, and the latter possibility would 
imply that LBLs should have higher Doppler factors than quasars, which is not the case. 
If HBLs display lower superluminal speeds than LBLs, and this reflects lower typical jet 
Lorentz factors in HBLs compared to LBLs, we find that FSRQs, LBLs and HBLs form a 
sequence of decreasing average jet Lorentz factor. Note that the order in this sequence is the 
same as t hat for the sequ ence in emission-line luminosity, from highest in FSRQs to lowest 
in HBLs (iGhisellinil 119971 ) . and also for the sequence of the synchrotron peak frequencies, 
from lowest for FSRQs to highest for HBLs. 

If a jet does have a helical B field, this should give rise to a systematic gradient in 
the observed Faraday rotation m easure across the jet, due to the systematic change in the 
l ine-of-sight B field c omponent (jBlandfordl Il993l ). as has been observed for several LBLs 



(IGabuzda et al. 



20041 ). Multi-frequency polarization VLB A data for the HEAO-1+RGB BL 



Lac objects considered here are currently being reduced; the detection of systematic rotation 
measure gradients transverse to the VLBI jets of any of these sources would appreciably 
str engthen the c ase th at t hey are associ ated with helical B fields. 



Meier et al. 



(119971 ) and iMeierl (119991 ) have demonstrated through numerical simulations 
that there may be a connection between the output radio power and the spin rate of the 
central black hole. Although the original idea was to explain the FRI and FRII classes, a 
similar idea could apply for the BL Lac subclasses. Objects with lower radio powers (i.e., 
the HBLs) could have black holes spinning at lower rates, which produce slower jets, while 
objects with higher radio powers (i.e., the LBLs) could have black holes spinning at higher 
rates, which produce relatively faster jets. In this picture, the unresolved bases of the jets, 
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i.e., the radio "cores", should be weaker in the HBLs, in agreement with our observations, 
while the radio cores of LBLs should be more dominant. We have already discussed above 
how differences in the black-hole spin rates of HBLs and LBLs could lead to the observed 
differences in VLBI polarization structure, if the jets have helical magnetic fields. In addition, 
there is the secondary effect that the less Doppler-beamed HBL jets would be oriented, on 
average, at somewhat larger angles to the line of sight than the more beamed LBLs (but 
always within a smaller range than for their unbeamed counterparts, the FRI radio galaxies). 
Thus, through all the observational manifestations and consequences that could plausibly 
follow from a difference in characteristic black-hole spin rates, this one most fundamental 
difference may essentially be able to explain the observed properties of LBLs and HBLs. We 
will be exploring this scenari o as a mean s of understanding the B field geometries observed 



in quasar subclasses as well ((Lister 



200ll ) in a future paper. 



7.2.3 Misclassified Quasars in the BL Lac populations? 



Some HBLs anc 


LB 


(Kolleaard et al. 


1992 



s have been 


ound 


Murphv et al. 


1993 



and LBLs are actually misclassified radio quasars. However, there is no tendency for the 
HBLs that have longitudinal jet B fields also to have the lowest core polarizations, arguing 
against the idea that a large fraction of the HBLs are misclassified quasars. In addition, 
the observed superluminal speeds in quasars are clearly higher than the tentative speeds 
available for HBLs thus far. 



7.2.4 Comparisons of BL Lac subclasses with similar B field structures 



Gabuzda et al. 



(120001 ) have demonstrated that the pc-scale jet EVPAs in LBLs show a 
bimodal distribution — while the majority of LBLs exhibit transverse jet B fields, there is a 
subset of LBLs that exhibit a longitudinal B field morphology (see Fig. [20]). We compared 
the properties of the HBLs with the subset of LBLs that show longitudinal B fields similar 
to the HBLs. We found that like the majority of LBLs, this subset of LBLs still show 
all the differences in their basic properties which are observed in the two subclasses as a 
whole, i.e., the LBL subset still have systematically higher redshifts, higher core fractional 
polarizations, greater component speeds, and no difference in the distribution of the jet 
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fractional polarizations or core EVPAs compared to HBLs. This strongly supports the picture 
of intrinsic differences in the LBL and HBL classes. 

8 CONCLUSIONS 

f. We have observed eighteen BL Lacs belonging to the HEAO-1 and RGB samples 
with VLB1, and detected parsec-scale polarization in all but three of them. After dividing 
each of our objects into the HBL or LBL classes and considering the known results on LBLs 
in the literature, we have carried out a comparison of the relevant properties of the two 
BL Lac classes. 

2. We find that the total intensity pc-scale images reveal a core-jet morphology, similar 
to that observed in LBLs. 

3. The VLBP observations of HBLs and LBLs reveal differences in their core fractional 
polarization, similar to the trend observed on kpc-scales - the HBLs have a lower core frac- 
tional polarization compared to the LBLs. High degrees of core polarization were observed 
for the two RGB sources 0749+540 (~ 10%) and 0925+504 (~ 14%), but both of these are, 
in fact, LBLs. 

4. The jet fractional polarizations in HBLs do not differ systematically from those in 
LBLs. In both cases, jet degrees of polarization of tens of per cent can sometimes be observed, 
indicating the presence of well-ordered B fields. 

5. The relative VLBI core polarization angles do not show any systematic differences 
between HBLs and LBLs. 

6. The most intriguing difference between the HBLs and the LBLs is the orientation of 
the predominant B fields in their pc-scale jets - the B fields in HBL jets tend to be aligned 
with the local jet direction, while the B fields of LBLs tend to be perpendicular to the local 
jet direction. This result needs to re-examined with a larger sample of HBLs. 

7. Some of the HBLs display evidence for jet magnetic field structures with transverse B 
field in the inner region of the jet and longitudinal B field at the edges, i.e, a 'spine-sheath' 
structure. Although such £?-field structures have been taken to indicate a fast spine+slow 
sheath velocity structure, they can also come about in a natural, simpler way if the jet has 
a helical B field (without any requirement for a two-layer velocity structure). 

8. We find tentative evidence that the observed component speeds in HBLs are lower 
than the typical apparent speeds observed in LBLs (~ 1 — 5c) and FSRQs (~ 5 — 10c). This 
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result suggests that either the HBL jets have lower Lorentz factors than LBLs and FSRQs, or 
that their jets are oriented at larger angles to the line of sight. Since the collected properties 
of HBLs provide no clear evidence that their jets lie at systematically larger angles to the 
line of sight than do LBL jets, this suggests that the outflow speeds are intrinsically lower 
in HBLs, than in LBLs. 

9. One way to understand our collected results in the context of other previous results in 
the literature is if HBLs, LBLs and FSRQs form a sequence of increasing average jet Lorentz 
factor — the same order as for the sequence of the synchrotron peaks of these objects, which 
proceed from highest peak frequency for HBLs to lowest peak frequency for FSRQs, although 
the physical connection between these two sequences is not clear. 

10. If the jets of all three classes of compact AGN characteristically have helical B 
fields due to the "winding up" of a seed field via the combination of outflow and rotation 
of the central black-hole-accretion-disk system, then the dominant jet B fields observed in 
these three classes of compact AGNs — longitudinal in HBLs and FSRQs and transverse in 
LBLs — could come about due to the ratios of their characteristic rotational and outflow 
velocities. If HBLs, LBLs and FSRQs do form a sequence of increasing Lorentz factor, the 
low outflow speeds in HBLs would require relatively slow rotation (i.e., smaller spin rates) 
of their central black-hole-accretion-disk systems. 
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